This paper reports an integrated micro gas chromatography (μGC) architecture which utilizes a bi-directional micropump. Four integral components-the bi-directional Knudsen pump (KP2), a two-stage preconcentrator-focuser (PCF2), a separation column, and a gas detector-are integrated in a 4.3 cm 3 stack, forming a serial flow path. All four components are fabricated using the same three-mask process. Compared to the conventional approach used with multi-stage preconcentrators, in which valves are used to reverse flow between the sampling phase and the separation phase, this μGC architecture reduces the overall complexity. In this architecture, the vapors being sampled are drawn through the detector and column before reaching the PCF2. The microsystem operation is experimentally validated by quantitative analyses of benzene, toluene, and xylene vapors ranging in concentration from 43-1167 mg m −3 .
Introduction
Following the pioneering work of Terry et al [1] , a variety of micro gas chromatography (μGC) systems have been reported over the past three decades. Many μGC systems include microfabricated renditions of three components that are integral to the system: the preconcentrator, which samples vapor analytes and provides vapor injection; the column, which separates the vapor analytes; and the gas detector, which quantifies the eluents from the column [2] [3] [4] [5] . These systems use external, commercial pumps to provide gas flow. More recent systems utilizing micropumps have also been demonstrated [6] [7] [8] . Some systems use commercial valves to control fluidic routing; microfabricated valves for μGC systems are being studied [4] .
In the simplest architectures, the preconcentrator, column, detector, and pump are connected in series, and operated with unidirectional flow from the preconcentrator to the column and then the detector [2, 8] . In others, a valve bypasses the column during vapor sampling to increase the flow rate, but the flow direction in both sampling and analytical separation remains the same [4, 9] . The bypass-flow architecture can be further enhanced by using an additional detector in the bypass line, which provides a coarse measurement of the vapor concentration and informs the system of the optimal sampling time [9] . In more complex architectures, a number of valves are used to reverse the flow direction in the preconcentrator during sampling and separation (i.e., bi-directional flow is necessary) [10] [11] [12] . As a consequence, during the sampling phase vapors enter the preconcentrator at the end which will be downstream during the analytical separation phase. Bi-directional operation of the iGC2 system. During vapor sampling, the KP2 draws vapor analytes through the detector and column, and into the PCF2. The two stages of PCF2 target analytes with different volatility ranges. The flow is reversed during analytical separation.
While bi-directional flow is potentially beneficial for a single-stage preconcentrator, it is essential for a multi-stage (or multi-bed) one. A multi-stage preconcentrator uses various types of sorbents for analyses of vapor analytes of broad ranges of volatilities. The stages, each packed with one type of sorbent, are connected in series. During the vapor sampling phase, analytes with low volatility are trapped in stages that are upstream in the sampling flow path; these stages are packed with sorbents of low surface area. Analytes with high volatility, after passing through the upstream stages, are trapped in downstream stages, which are packed with sorbents of high surface area (figure 1). During the analytical separation phase, the flow direction is reversed, allowing all the trapped analytes to be injected into the separation column [13] .
Miniaturization of valves has been a subject of extensive research [14] . Many of the microvalves reported to date utilize the actuation of a flexible diaphragm to control flow. This actuation has been performed electrostatically [15] , piezoelectrically [16] , or thermopneumatically [17] . A microvalve targeting μGC integration has been reported [18] . However, the use of a deformable diaphragm introduces additional cost, complexity, and reliability challenges to a multi-component μGC system that is already complex. This paper evaluates a valveless μGC architecture, the iGC2, which is comprised of a bi-directional Knudsen pump (KP2), a twostage preconcentrator (PCF2), a separation column, and a detector 1 . Its operation is illustrated in figure 1 . During the sampling phase, vapor analytes enter the system, pass through the detector and column, and finally settle into the PCF2. During the analytical separation phase, the flow direction is reversed by the KP2; the sampled vapor analytes are then thermally desorbed from the PCF2, separated in the column, and quantified by the detector.
Valveless bi-directional operation is more amenable to μGC systems than to conventional benchtop GC systems. In 1 Portions of this paper appear in conference abstract form in [19] . contrast to conventional columns, which are usually 10-30 m long, microcolumns typically have relatively small lengths of 0.08-3 m [4, 20, 21] . Qualitatively, the short microcolumns have small 'breakthrough' volumes, i.e., vapors can easily pass through the column and reach the preconcentrator during sampling. At the end of the sampling period, residual vapors may remain in the column. When flow is reversed to initiate the separation phase, the vapors in the column are purged, but may contribute to a baseline response upon which the retention peaks are superposed. By accommodating these trends into the quantitative assessment of retention peaks, quantitative analyses are not compromised.
The design of the iGC2 system is described in section 2; fabrication is described in section 3; experimental results are presented in section 4, followed by the discussion and conclusion in section 5.
Design

Bi-directional Knudsen pump (KP2)
Knudsen pumps are motionless gas pumps that operate on the principle of thermal transpiration [22, 23] . One type of Knudsen pump implementation utilizes nanoporous mixed cellulose ester (MCE) membrane(s) (of thickness ≈105 μm, pore diameter ≈25 nm, porosity ≈70%, Millipore, MA) [24] . In the presence of a temperature gradient, flow is generated from the cold side to the hot side of the MCE membrane(s). A previously reported bi-directional Knudsen pump used thermoelectric elements to apply reversible temperature gradients across the MCE membrane(s) [25] . In the iGC2 architecture, however, the KP2 simply utilizes thin-film Joule heaters on both sides of a membrane stack. During operation, one of the sides is heated while the other is cooled passively (by a heat sink or natural convection).
The KP2 has a stack of four MCE membranes sandwiched by two glass dice on each side, i.e., Side-A and Side-B, (figure 2). Each glass die is ≈500 μm thick. On Side-A, the glass die that is in contact with the MCE membrane stack (i.e., Die 2a) has a thin-film metal heater and thermistor to control the temperature, as well as multiple through-holes to facilitate gas flow into and out of the MCE membranes. The other glass die (i.e., Die 1a) has in-plane grooves that guide gas streams to a single port, which can be connected to other components or an external test setup. The constituent glass dice on Side-B (i.e., Die 1b and Die 2b) are identical to Die 1a and Die 2a, respectively.
In the iGC2 stack assembly (figure 2), Side-B is attached to the rest of the stack, whereas Side-A is attached to an external heat sink. During analytical separation, Side-B is heated while Side-A is cooled by the heat sink. During vapor sampling, Side-A (and the heat sink) is heated while Side-B is cooled by natural convection together with the rest of the stack.
Two-stage preconcentrator (PCF2)
Previously reported microfabricated multi-stage preconcentrators used multiple chambers, each containing one type of sorbent [10, 13] . In the iGC2, however, the PCF2 contains only one chamber designed in the shape of a channel; the two stages are formed by packing different sorbents in sequence. This design mimics its macro-scale counterpart: the multi-bed thermal desorption tube. It can be configured to include more than two stages without redesign.
The PCF2 consists of a channel (width ≈1 mm, depth , diameter 112-140 μm, Sigma Aldrich, WI); glass beads (with diameter 150-180 μm, Sigma Aldrich, WI). The segment of Carbograph 2 is intended to trap vapors of lower volatility (e.g., toluene and xylene), and the segment of Carbopack B is intended to trap vapors of higher volatility (e.g., benzene). The two segments of glass beads, one at each end of the PCF2 channel, are used to confine the two segments of sorbents in the central region of the device, where the temperature is the highest during thermal desorption.
The PCF2 has advantages over our prior preconcentrator design [8] because its narrower channel dimension provides less sensitivity to the non-uniformity of sorbent packing, as well as higher flow velocity at a given volumetric flow rate. A future design can be improved, presumably, by incorporating the pillar structures and sorbent loading port [8, 26] .
Column, detector, and the stacked iGC2 system
The iGC2 separation column is a channel (of length ≈25 cm and hydraulic diameter ≈230 μm) coated with a layer of ≈0.2 μm thick non-polar polydimethylsiloxane (PDMS or OV-1, Ohio Valley Specialty, OH) that serves as the stationary phase [8] . The column is formed by Die 4b and Die 6 (figure 2). When passing along the separation column, vapor mixtures partition between the stationary phase material and the carrier gas. The non-polar PDMS stationary phase used in this work interacts with the vapor molecules mainly by van der Waals force [27] . Vapor molecules with higher molecular weight typically have a stronger interaction with the stationary phase and display a longer retention time. Additionally, thicker coatings of the stationary phase provide a stronger interaction with the vapor molecules and extend retention times. The gas detector consists of two thin-film metal electrodes on a glass substrate (i.e., Die 6). In this work, the metal layer consists of Ti/Pt of thickness 25/100 nm. The two electrodes (i.e., anode and cathode) are spaced 50-200 μm apart. Electrodes of other materials, thickness, and separation can also be used. The groove in Die 5b forms the detector channel that guides gas flow over the electrodes (figure 2). By applying a voltage pulse between the two electrodes, a microdischarge is generated. The resulting optical intensity at the line that is specific to the C-H emission can be used to quantify carbon-containing species in the gas flow [8, 28] . In contrast to the flame ionization detectors (FID) that are often used within commercial GC systems, microdischarge-based detectors do not require a stored supply of H 2 to create the ionization, and are more amenable to monolithic integration.
The KP2, PCF2, column, and detector are integrated in the form of a stack (figures 2 and 3), which also uses fourteen 500 μm thick glass spacers (Dice 3a and Dice 3b). The spacers provide thermal isolation between adjacent components. Perforations in the spacers allow inter-layer flow. The dashed line in figure 3 indicates the gas flow path of the system.
Fabrication
The constitutive elements of all four iGC2 components, as well as the spacers, are fabricated on glass wafers using the same three-mask lithographic processes. Hence, these elements may be either fabricated on separate wafers or all on a single wafer. The use of glass as the substrate material has several benefits. It is lower in cost than silicon and ceramic options, and can be easily micromachined. In addition, the transparent nature of glass permits visual inspection of the interior of the devices, which benefits early stage research and development.
First, a Ti/Pt thin film (of thickness 25/100 nm) is deposited and patterned to form heaters, thermistors, and discharge electrodes (using Mask #1). The glass wafer is micromachined on both sides by sandblasting (Bullen, Inc., OH) to create fluidic channels and thermal-isolating cutouts (using Mask #2-3).
After wafer dicing, the glass dice are assembled together. The constituent dice of the separation column are spin-coated with an SU-8 (MicroChem, MA) layer, which, smoothens the sandblasted surface and also serves as an adhesive between dice. The column is also coated with the OV-1 stationary phase using a static coating method, in which an OV-1/pentane solution is first filled into the column and subsequently the pentane is evaporated under vacuum [29] . The resulting thickness of the stationary phase is expected to be in the range of 0.2 μm. The other dice are held in place by a lowviscosity epoxy (Model # Epotek 377, Epoxy Technology, Inc., MA). The MCE membrane stack of the KP2 is sealed around the perimeter by a viscous epoxy (Model # Stycast2850FT, Henkel, Germany).
The PCF2 is packed with sorbent particles. In this preliminary PCF2 design, which does not have embedded features for confining the sorbent particles, a small segment of capillary tube (with inner diameter ≈100 μm, length ≈2 mm) is attached to one end of the channel. With a gentle vacuum applied at this end, the sorbent particles and glass beads are drawn into the PCF2 channel [26] , in sequence, from the other end, which is later attached to another similar segment of capillary tube.
The four components and the spacers are finally integrated into a stack. Adhesion between the components and spacers is provided by either an epoxy or a wax bond layer. Photographs of the fabricated components and system are shown in figure 4 . The iGC2 system has a footprint of 1.8 × 2.0 cm 2 and a volume of 4.3 cm 3 .
Experimental results
In order to characterize their performance, the KP2 and PCF2 were separately evaluated without assembly into the full iGC2 system. The experimental evaluations focused on the aromatic hydrocarbons benzene, toluene, and m-xylene (BTX), which are typical indoor pollutants.
KP2
The KP2 was evaluated by measuring its pressure-flow characteristics. As indicated in section 2, Side-A of the KP2 was attached to an aluminum block that served as a heat sink. In the evaluation of the standalone pumps, Side-B was not attached to the other iGC2 components. As shown in figure 5 , a commercial pressure sensor (Model # MPX5010DP, Freescale Semiconductor, AZ) and a flow meter (Part # FMA-1603A, Omega Engineering, CT) were used to monitor the pressure head and flow, respectively. Although the former had a rated maximum error of ± 500 Pa (including offset variation), the actual error was expected to be much smaller, because it was used at room temperature within a small pressure range and corrected for offset. The latter had a rated error of ± 0.02 sccm.
Varying flow loads (manifested as capillary tubes with varying lengths and inner diameters) were used to obtain various pressure-flow points. The values of the loads were selected to span a wide range covering the actual load provided by the rest of the iGC2 system. With 1.3 W power applied on Side-B, the pumps typically provided a steady state air flow rate of 0.52 sccm for a pressure head of 413 Pa; the blocking pressure head, at which the flow was reduced to zero, was 1254 Pa. This direction of flow is intended for the analytical separation. In the opposite direction, with 3.3 W power applied on Side-A (with the heat sink still in place, and Side-B cooled only by natural convection), the pump provided a steady state air flow rate of 0.11 sccm against a pressure head of 87 Pa; the blocking pressure was 259 Pa (figure 5). In general, the relationship between the input power of the KP2 and the flow rate are approximately linear for intermediate pressure heads.
PCF2
The PCF2 was characterized for both adsorption and desorption of BTX. The adsorption capability of preconcentrators is often characterized by the time taken for the vapor analytes flowing through the component to saturate the concentration measured at the exit; this is known as 'breakthrough' [13] . For the PCF2, the inlet (for vapor sampling) was connected to a 2 L dilution bottle (Sigma Aldrich, WI) containing the vapor of benzene, toluene, or m-xylene in N 2 . The component BTX vapors were individually drawn by a vacuum pump through the PCF2 at flow rates of 0.1, 0.3, and 0.4 sccm. A fixed volume (100 μL) of vapor exiting the PCF2 was periodically routed by a six-port valve to an FID within a commercial GC (Model # Agilent 6890).
In figure 6 (a), the BTX concentrations at the preconcentrator outlet c out are normalized to that at its inlet c in ; the vapor sampling volume is calculated as the product of sampling flow rate and sampling time. Conventionally, the breakthrough criterion is selected at the point when c out /c in reaches 10% [13] . Using this criterion, the PCF2 in this effort had breakthrough volumes of 0.5, 5.4, and 17.6 cm 3 for benzene, toluene, and m-xylene, respectively.
The thermal desorption characteristics of the PCF2 were evaluated by the desorption peaks observed in chromatograms. The PCF2 was first used to sample an individual analyte vapor (i.e., benzene, or toluene, or m-xylene) at 0.1 sccm for 10 min. Then it was connected upstream of the FID and downstream of an injection port in a commercial GC (Agilent 6890), which provided a 0.2 sccm N 2 flow in the opposing direction, matching the flow to be provided by the KP2 during the analytical separation phase in the iGC2. Desorption was performed by applying a 10.5 W pulse to the integrated thin-film heater, which heated the PCF2 to 180
• C in 10 s, immediately followed by a 2.7 W pulse for 5 s, which maintained this temperature. This relatively modest heating rate was selected for superior control and uniformity, while reducing the likelihood of stress fractures in the device, even though sharper desorption peaks are achievable with higher power.
Typical values of the resulting peak widths measured at half height (PWHH) were 3.2 s, 4.6 s, and 6.3 s for benzene, toluene, and m-xylene, respectively ( figure 6(b) ). Only minimal tailing was observed. Full desorption was achieved during the first thermal pulse, as verified by a second thermal pulse that did not provide any additional desorption peak.
The preconcentration factors were calculated by the volume ratios of the vapor sample to the thermal desorption, i.e., the product of the sampling flow rate and the sampling time divided by the product of the desorption flow rate and the desorption PWHH [30] . As calculated from figure 6(b), the preconcentration factors for toluene and m-xylene were 65 and 48, respectively. The value for benzene cannot be obtained from figure 6(b) , because the 1 cm 3 sampling volume substantially exceeds its breakthrough volume (as illustrated in figure 6(a) ). By sampling benzene and toluene with their breakthrough volumes, preconcentration factors of 25 and 236 were obtained. A preconcentration factor of 143 was obtained for m-xylene with a sampling volume of 3 cm 3 . A thorough parametric sweep can identify the maximum preconcentration factors, but it is beyond the scope of this effort.
Column and detector
The separation columns were evaluated within an Agilent 6890 GC with a vapor injection port located upstream and an FID located downstream [8] . To provide a better demonstration of the separation capability of the column, the columns were used to separate BTX and five interfering alkanes (C 5 -C 9 ) at room temperature, with N 2 carrier gas flowing at 0.2 sccm to mimic the KP2. The eight analytes were separated in less than 2 min (figure 7).
The discharge-based detector was operated with 3-5 ms voltage pulses of 800-1600 V. A handheld spectrometer (Model # USB 2000, Ocean Optics, FL) was used to monitor the optical emission [8] . As expected, the microdischarge showed strong optical emissions for N 2 within a wavelength range of 300-400 nm. The emission intensity at 388 nm, which is a characteristic line of C-H species, was used to quantify the BTX vapors eluting the column. To minimize the effect of pulse-to-pulse variation in emission intensity, the emission peaks at 388 nm were ratioed to the peaks for the N 2 line at 337 nm [28] . The detector was operated at 1 Hz (1 pulsed detection per second). With each microdischarge requiring ∼10 mJ energy, the average power consumption was in the range of 10 mW, which was negligible compared to the power consumption of other iGC2 components (i.e., the KP2 and PCF2). It is notable that such detectors can be operated at even lower energy levels [31] .
The stacked iGC2 system
The fully assembled iGC2 systems were tested in two different ways. In the first set of experiments, the discharge-based detector in the stacked system was not activated. Instead, the FID in an Agilent 6890 GC was used to evaluate the impact of the fluidic architecture upon the output. In the second set of experiments, the detector was utilized together with all other components, demonstrating the operation of the full system.
Vapor samples for these tests were prepared by evaporating liquid phase benzene, toluene, and m-xylene (each 0.1-2.7 μL) in a 2 L dilution bottle, resulting in vapor concentrations ranging from 43-1167 mg m −3 . The bottle and the iGC2 system were previously purged using ultra-highpurity N 2 to minimize any impurities that might affect the evaluation of the system. With the bottle connected to End-B (figure 1) of the iGC2 system, the KP2 was used to provide a sampling flow of 0.05 sccm for 5-15 min (using 3.3 W input power), drawing 0.25-0.75 cm 3 of the vapor through the detector and the column into the PCF2. Then the system was allowed to cool down naturally for ≈10 min.
In the first set of experiments, End-B (figure 1) of the iGC2 system was then connected to the FID, whereas End-A remained open to ambient room air, which served as the carrier gas. The KP2 was then powered up to 1.3 W to provide 0.2 sccm air flow for 20 s before the PCF2 was powered up. This delay ensured a sufficient flow to be established prior to the analytical separation. The eluent from the column was identified and quantified by the FID. The tests were repeated four times in succession with each BTX vapor sample, using identical operating conditions in order to evaluate repeatability. Typical results are shown in figure 8 ; the repeatability is evident. As expected, the retention peaks of BTX appear as superposed onto a baseline response. The system operation parameters are summarized in table 1.
Continuing the first set of experiments performed with the FID detector, in order to demonstrate quantitative analysis, samples of BTX vapors were prepared with concentrations varying from 43-328 mg m . Using the same iGC2 parameters (table 1), the vapors were sampled at 0.05 sccm for 10 min, resulting a vapor sampling volume of 0.5 cm 3 and sampled masses of 22-164 ng. The FID chromatograms of the separations are shown in figure 9(a) . To verify quantitative analysis, the areas of the retention peaks in the chromatograms ( figure 9(a) ) were calculated by subtracting from the peak response the underlying baseline area ( figure 9(b) ). The data points were fitted by straight lines connecting to the origin of the coordinate system, resulting in R 2 0.9987, which indicates good linearity of the system response for quantitative analysis.
In addition, sampling volumes were varied in the 0.25-0.75 cm 3 range (table 1) . This was performed by varying the duration of the sampling period from 5-15 min. The resulting FID chromatograms and calculated peak areas are plotted in figures 10(a) and (b), respectively. In figure 10(b) , the intercepts on the horizontal axis indicates the threshold volumes, i.e., the product of sampling times and flow rate taken by the vapor to pass through the column and detector before In the second set of experiments conducted with fully assembled iGC2 systems, the sampling procedure remained the same as the first set, as did the operating parameters (table 1) . Samples of BTX with concentrations of 573-1167 mg m −3 were analyzed. To reduce the noise from spectral emissions of air, N 2 was used as the carrier gas by connecting a N 2 -filled Tedlar R bag to End-A (figure 1) of the iGC2 system. The resulting emission-intensity chromatograms ( figure 11(a) ) demonstrate separations of BTX with retention times similar to those shown in figures 8(a), 9(a), and 10(a). However, the peak heights of m-xylene are much smaller than those of toluene in figure 11(a) . This is different from the FID chromatogram obtained with the same vapor sampling volume in figure 10(a) , where toluene and m-xylene show similar peak heights. Additionally, the baseline fluctuations are not observed in figure 11(a) . The calculated peak areas demonstrate positive correlations with sampled vapor concentrations, showing promise of quantitative analyses ( figure 11(b) ). However, in contrast to figure 9(b), the peak areas in figure 11(b) are not proportional to the vapor concentrations. This underscores the need for establishing the relationship between spectral intensity and vapor concentration for various analytes.
Discussion and conclusion
Overall, the experimental results validate the functionality of a valveless μGC architecture that utilizes a bi-directional micropump with a two-stage preconcentrator. Further, the results are repeatable, and quantitative analysis appears possible despite the modest flow rates provided by the motionless pump. The facile nature of the fabrication process holds promise for eventually developing a low-cost system. A number of observations can be made about the constitutive components and future work.
In contrast to a previously reported approach of using thermoelectric elements to implement a bi-directional Knudsen pump [25] , the direct integration of heaters on both sides of the thermal transpiration membranes in the KP2 compromises flow rate in the sampling period (figure 5) for structural simplicity. Nevertheless, the small sampling flow rate can be compensated by extending the sampling period. In principle, bi-directional flow can also be achieved by using two opposing uni-directional pumps. In that case, however, each pump would be required to overcome the flow resistance of the other, which is less efficient than the use of a single bi-directional pump.
In the analytical separation periods, PCF2 provided 3-6 swide desorption peaks under the modest flow rate (≈0.2 sccm) available from KP2. Although the width of these desorption peaks may have contributed to the broadening of the retention peaks, quantitative analyses are evidently possible, as long as the retention peaks reach baseline-separation, i.e., a condition where the signal returns to the baseline between consecutive peaks (as demonstrated in figure 9 ). The dual-peak shapes of the benzene and toluene desorption in figure 6(b) are likely the result of the two stages within the PCF2 desorbing under a modest heating rate: the stage packed with Carbograph 2 desorbs slightly before the stage packed with Carbopack B.
It is notable that the relative heights of retention peaks measured by microdischarge-based detection ( figure 11(a) ) are different from those measured by the commercial FID ( figure 10(a) ). This is likely related to the difference between the two ionization methods that are involved. However, even with microdischarge-based detection, the calculated areas of the retention peaks are correlated to vapor concentration, demonstrating promise for quantitative analyses. This is encouraging, given the simple and unsealed nature of the microdischarge-based detector. The use of an N 2 carrier gas, and ambient contaminants can, however, increase the spectral noise [32, 33] .
The overall system power consumption can be estimated from table 1. For a vapor sampling time of 10 min and separation duration of 1.5 min, the average system power consumption is 3.2 W, which is dominated by the KP2 operation during the vapor sampling phase. This power consumption is higher than those of some of the previously reported systems (e.g., 0.7 W in [2] , which uses a commercial pump), because of the inefficiency of the KP2 heat sink when driving flow during vapor sampling. Nevertheless, despite the relatively high power consumption, the Knudsen pump is still an attractive candidate for μGC integration, because of its compactness, simplicity in fabrication, and ultra-high reliability [24] . Thermal optimization of the system design and overall assembly are expected to reduce the power consumption.
A number of improvements can be envisioned for future designs of the iGC2. For example, a longer column can provide better separation of retention peaks, and heating of the column both during sampling and separation is likely to improve various aspects of the performance. In addition, the use of sorbents with higher surface area within the PCF2 would permit analyses of vapors with lower concentrations. All these approaches are intended to analyze more complex vapor mixtures. Nonetheless, a more powerful micro gas pump may be required to maintain the gas flow rate in a longer column. This can be accomplished by a multi-stage Knudsen pump. The stackable architecture in this work provides a simple and compact integration of the system, as well as the scalability to longer columns (by stacking multiple short columns). However, it is difficult for the stackable architecture to accommodate a multi-stage Knudsen pump, which requires more thermal isolation between multiple heaters and heat sinks. New architectures for multi-stage Knudsen pumps are currently under investigation.
The packaging of the system is still under investigation. One possibility is a case with an embedded heat sink, circuit board, and fittings for a mini-spectrometer. The lead transfer from the components to the circuit board could be accomplished by using pin assemblies.
